In this paper, we discuss two new paradigms for enabling costeffective III-V solar cell photovoltaics using (i) our novel layer transfer technology, called controlled spalling and (ii) new solar cell device structures. First, we present the application of the controlled spalling for making high-efficiency thin-film multijunction solar cells. Finally, a novel GaAs heterojunction solar cell structure is described, consisting of thin hydrogenated amorphous silicon stack deposited directly on the GaAs surface at 200ºC, aiming to eliminate the III-V epitaxy. This feature in conjunction with a kerf-less removal of GaAs using the controlled spalling technique offers a viable pathway for realizing low cost highefficiency III-V photovoltaic technology.
Introduction
Photovoltaic (PV) solar cells are arguably one of the most popular choices for producing clean energy. Solar cells, in principle, convert the electromagnetic solar energy to electricity by generating excess electron-hole pairs in a p-n junction semiconductor diode upon illumination and subsequently collecting the carriers at the device contacts. However, significant reduction in the final cost of PV technologies is essential to render them cost-competitive with conventional fossil fuels such as coal and oil. In recent years, this has particularly become the main drive in the field of PV research to provide innovative approaches for achieving considerable reduction in material and processing costs while enhancing the conversion efficiency of solar cells.
The inherent physical and electrical properties of the absorbing semiconductor material in a solar cell device fundamentally determine the extent of light absorption and carrier collection and thus the resulting conversion efficiency. Direct bandgap compound semiconductors are particularly attractive for making very high-efficiency thin-film solar cells owing to their strong absorption properties. However, commercial III-V solar cells are grown using metal-organic chemical vapor deposition (MOCVD) on GaAs or Ge wafers, which consequently make III-V solar cells costly. Hence, various approaches are being currently investigated to enable a cost-competitive III-V PV technology, including (i) layer transfer of III-V solar cells to enable substrate reuse (1) (2) (3) (4) (5) , (ii) low-cost epitaxial growth of III-Vs (6), (iii) improvement of solar cell conversion efficiency utilizing advanced multi-junction solar cell structures to permit more efficient collection of the solar spectrum, and (iv) new III-V device structures that will not require epitaxial growth (7) (8) (9) .
In this paper, we discuss two innovative paradigms for achieving a cost-effective III-V PV: (i) application of the controlled spalling technique for producing very highefficiency thin-film solar cells and (ii) novel heterojunction (HJ) III-V solar cell structures with thin hydrogenated amorphous silicon (a-Si:H) films. In the first part, we demonstrate the feasibility of the controlled spalling technique (1) for making thin-film III-V tandem solar cells. A triple-junction InGaP/(In)GaAs/Ge solar cell is used in this study as a quintessential example of an advanced III-V tandem solar cell structure. Finally, a new III-V solar cell structure based on GaAs heterojunction with a-Si:H is discussed (7) . This structure offers two key advantages: (i) low-temperature processing and (ii) a relatively low processing cost compared to the conventional junction structures that require epitaxial growth.
High-efficiency thin-film III-V solar cells by controlled spalling
The premise of substrate reuse to diminish the contribution of the substrate expense in a given III-V PV technology has resulted in the emergence of several layer transfer methods based on the epitaxial layer lift-off (ELO) (2) (3) (4) (5) . The basic concept of the ELO technique is based on the selective chemical removal of an embedded sacrificial layer that is located in between the device structure and the growth wafer. In particular, the conventional ELO techniques use concentrated hydrofluoric (HF) acid for the lateral removal of an aluminum-rich AlGaAs sacrificial layer. In addition to the processing challenges associated with the use of a concentrated HF solution, the exposure to the HF solution will severely compromise the surface quality of the host GaAs wafer (10) . Therefore, additional surface treatments such as chemical/mechanical polishing will be required to recover the GaAs surface for subsequent epitaxial growths. Furthermore, the timescale for separating the device structure from its host substrate inevitably increases for larger size wafers that will considerably limit the process throughput. In this section, we demonstrated the application of the controlled spalling technology as a simple, low-cost, and manufacturable approach for making high-efficiency thin-film III-V solar cells. The controlled spalling process involves the deposition of a tensile stressor layer with a prescribed stress and thickness that satisfies the spalling mode fracture at a certain depth in the substrate. A flexible handle layer is then applied to mechanically guide a single fracture front across the wafer (1). Figure 1 schematically illustrates the multijunction InGaP/(In)GaAs/Ge solar cell structure used in this study. The conventional multijunction solar cells were epitaxially grown on 180 m thick 100mm diameter p-type (100) Ge substrates at 640ºC using Veeco's K475 commercial MOCVD reactor. Figure 2 schematically shows the process flow for making the thin-film tandem III-V solar cell (11) . First, the top 14 m of the solar cell structure consisting of the entire stack of epitaxially grown III-V layers and ~7 m Ge was separated from the Ge growth wafer by the controlled spalling method at room temperature ( Fig. 2a-c) . The thin-film tandem solar cell was then bonded rigidly to heavily-doped p-type Si handle substrates using a silver-filled epoxy at temperatures below 200ºC (Fig. 2d) . Next, the flexible handle layer was detached followed by the chemical removal of the nickel film (Fig. 2e) . Figure 3 shows the scanning electron micrograph (SEM) of the bonded thin-film multi-junction InGaP/(In)GaAs/Ge solar cell. To investigate the effect of the controlled spalling process on the electrical properties of the solar cells, the electrical characteristics of the thin-film devices were compared with those of their counterpart bulk (non-spalled) solar cells. Because of the temperature limitations imposed by the bonding process, a low-temperature (<200 o C) fabrication process was devised and implemented. The cell fabrication involves the formation of lithographically defined front contact grid consisting of Pd/Ge/Au (100Å/400Å/600Å) layers followed by the lift-off process. Subsequently, a Ti/Al stack (250Å/1 m) was evaporated to form the back contact. The samples were then annealed at 180ºC to obtain low-resistivity contacts to the n + GaAs layer (12) .The cell area was defined by chemical mesa etch, followed by the lightinduced copper plating of the front contact to a thickness of 7 m. Finally, the GaAs contact layer between the Cu-plated lines was selectively removed in citric acid:H 2 O 2 (7:1). The cell fabrication was completed by the deposition of ZnS/MgF 2 antireflection coating. Figure 4a shows the photograph of a 100mm diameter thin-film solar cell. Figure 4b shows the representative current density-voltage (J-V) characteristics for two corresponding cells on the thin-film and bulk samples, measured under the simulated To verify the influence of the carrier recombination at the rear surface of the thin Ge bottom cell on V oc , another thin-film solar cell was prepared using the same processing steps shown in Fig. 2 , except that an additional step was performed for passivating the Ge rear surface. This involved the deposition of a 70nm thick intrinsic a-Si:H layer at 170ºC on the exposed Ge surface following the controlled spalling process. The surface passivation of Ge using a-Si:H is particularly desirable for this process owing to the temperature limitation imposed by the flexible handle layer. Several recent studies have confirmed the suitability of the intrinsic a-Si:H layer for passivating the Ge surface (a) (13, 14) . Because of the low resistivity of the Ge layer, a localized back contact (LBC) structure with a contact pitch of 2mm and a contact size of 200 m diameter was implemented due to its simplicity. The V oc of the solar cells on the thin-film sample with a-Si:H passivation was then measured and compared with those of the bulk and the thinfilm samples with no a-Si:H passivating layer on the rear surface of the Ge bottom cell. Figure 5 illustrates the V oc distribution across a wafer for these samples, highlighting the importance of the surface passivation of the thin Ge bottom cell for recovering the V oc . In comparison with the device simulation results (11), the effective surface recombination at the a-Si:H/Ge interface was deduced to be ~10 4 cm/s. Further improvement of V oc can be obtained by optimizing the a-Si:H deposition conditions. 
Novel heterojunction a-Si:H/GaAs solar cells
In the previous section, we described fabrication of thin-film solar cells using the controlled spalling technology as an effective means for reducing the substrate cost. However, the high cost of epitaxy is another major contributor in the final cost of III-V solar cells. Alternative approaches, such as the use of Schottky-type junctions (8) and zinc diffusion (9) have been proposed to eliminate the need for epitaxial formation of p/n junctions. In this section, we describe a new solar cell structure, based on GaAs heterojunctions with thin a-Si:H stack (7). Not only does this approach use low processing temperatures (< 200 0 C) for cell fabrication, but also offers a path for low-cost, high efficiency PV technology, when implemented in conjunction with the kerf-free removal of GaAs from an ingot using the controlled spalling (1), shown in Figure 6a . Figure 6b shows the cross-sectional SEM image of a HJ GaAs solar cell. The epitaxial structure consisting of p + InGaP back surface field and p -GaAs absorber layers was chosen to carefully examine the effect of GaAs surface passivation by a-Si:H, considering the negligible carrier recombination in the bulk of the GaAs absorber and the InGaP/GaAs interface. In this study, we systematically investigate the effect of various hydrogen dilution ratios during a-Si:H deposition on the performance of HJ a-Si:H/GaAs solar cells. Samples were treated only in a dilute hydrofluoric acid (100:1) solution for 2min to remove the GaAs native oxides and immediately transferred into a multichamber plasma-enhanced chemical vapor deposition (PECVD) system. The a stack of i/n + a-Si:H layers was then deposited at ~ 200 o C. To investigate the effect of the hydrogen dilution on the performance of the HJ GaAs solar cells, three different types of i-layers were prepared with three different hydrogen dilution ratios. Table I summarizes the device structures, layer thickness values and their corresponding hydrogen dilution levels used in this study. The deposition of the a-Si:H stack was followed by the deposition of ~80nm thick Al-doped zinc oxide transparent conductive oxide (TCO) at room temperature in a DC magnetron sputtering system. Front metal contact grid was formed using a shadow mask with ~8% optical loss due to shadowing.
Table I. Summary of the HJ GaAs solar cell structures
The 1 sun J-V characteristics of the samples with different hydrogen dilution (HD) ratios are shown in Fig. 7(a) . It is evident from the light J-V data that sample 2 with the highest HD level of 10 has the highest J sc , while sample 1 with the lowest HD level of 2 has the highest V oc . Transmission electron microscopy (TEM) was performed to study physical properties of the a-Si:H/GaAs interfaces. The TEM image in Fig 7(b) clearly shows the epitaxial growth of PECVD deposited Si (with HD ratio of 10) on GaAs at 200 o C. It is evident from this data that the higher J sc of the cells with the highest HD ratio is attributed to smaller optical loss in the thin epitaxial Si than the a-Si:H layer, because of its weaker absorption properties at short wavelengths. The epitaxial growth of Si takes place as a result of the in situ removal of weak Si-Si bonds by hydrogen radicals in the plasma, thereby leaving strong Si-Si bonds on the growth surface (15) .
The relatively low V oc of the HJ GaAs solar cells is primarily due to the lack of proper GaAs surface treatment to prevent the formation of the GaAs native oxides during the sample transfer prior to the a-Si:H deposition. Figure 7c shows the energy band diagram of the HJ GaAs structure, illustrating high trap density at the a-Si:H/GaAs interface, due to the poor GaAs surface passivation properties. For the case of GaAs field-effect transistors, It has been shown that the ex situ sulfur treatment of the GaAs surface in ammonium sulfide prior to the gate dielectric deposition is effective in improving the dielectric/GaAs interface (16) (17) (18) . The surface recombination velocity of the sulfur passivated GaAs has been previously shown to be ~100× smaller than that of the GaAs with its native oxide (19) . On the other hand, the dark current component (J 0,surface ) because of the surface recombination velocity (S) is given by J 0,surface =q.n.S, where q is the elementary charge and n is the carrier density. Assuming that the total dark current (J 0 ) of the HJ GaAs solar cells is dominated by the recombination at the aSi:H/GaAs interface, the expected increase in V oc o f these cells as a result of an improved GaAs surface passivation can be easily estimated from :
where T is the temperature and k is the Boltzmann constant. Therefore, the sulfur passivation of the GaAs surface is predicted to improve the V oc of the HJ GaAs cells in excess of 120mV just by performing sulfur surface treatment prior to the a-Si:H deposition. Further improvements of the conversion efficiency can be achieved by using optimum front grid contact and TCO to minimize optical losses and external series resistance, thus improving both J sc and FF. 
Conclusions

We have demonstrated the suitability of the controlled spalling technique as a simple and low-cost technology platform for making high-efficiency thin-film III-V solar cells. Furthermore, we described a novel HJ a-Si:H/GaAs solar cell structure that offers a path for implementing low-cost, light-weight high-efficiency PV technology by eliminating the need for epitaxial growth of III-Vs. use of their MOCVD facility and valuable technical discussions on the material growth. This work was performed under a joint development agreement between IBM Research and the King Abdulaziz City for Science & Technology (KACST) in Riyadh, Kingdom of Saudi Arabia. 
